Objective: The orexigenic and adipogenic peptide hormone ghrelin is predominantly produced and secreted by the stomach and seems to transduce changes in food intake to specific neuronal circuits in the brain. The activity of ghrelin also includes stimulatory effects on the corticotropic system. However, little is known about the influence of glucocorticoids on ghrelin levels. We therefore studied human plasma ghrelin levels in the presence and absence of elevated glucocorticoid levels of either endogenous or exogenous origin. Methods: Plasma ghrelin levels were measured in five patients with chronic hypercortisolism (aged 29 -58, median 46 years) due to Cushing's syndrome before and after successful surgery for the adenoma, and in eight healthy controls (aged 24-39, median 27.5 years) before and after 30 mg prednisolone (for 5 days) once a day in the morning (median body mass index (BMI) 22.7 kg/m 2 ). Plasma ghrelin levels were measured with a commercially available radioimmunoassay. Results: In patients with Cushing's syndrome, plasma ghrelin levels were low (median 363.2 pg/ml, range 161.9 -525.7 pg/ml) and significantly increased by 26.6% (P ¼ 0.04) after successful surgery, while BMI decreased (median 26.2 -24.0 kg/m 2 , P ¼ 0.04). A strong negative correlation (r ¼ 2 0.9, P ¼ 0.04) between changes in BMI and plasma ghrelin was observed. In healthy controls, plasma ghrelin levels (median 288.7 pg/ml, range 119.6 -827.8 pg/ml) were significantly suppressed by 18.3% (P ¼ 0.04) after prednisolone treatment. Conclusions: We have shown for the first time that plasma ghrelin levels are decreased under endogenously or exogenously induced hypercortisolism, making ghrelin an unlikely candidate for causing the changes in energy balance or body composition characteristic of Cushing's disease. However, the reduced ghrelin secretion could reflect a compensation mechanism in reaction to the metabolic consequences of chronic hypercortisolism.
Introduction
Ghrelin, a 28 amino acid peptide, stimulates growth hormone (GH) and adrenocorticotropin (ACTH) secretion from the pituitary as an endogenous ligand of the GH secretagogue receptor (1, 2) . Ghrelin is mainly produced and secreted by the stomach and the gut (2) , and a gastro-hypophyseal feedback loop seems to participate in the regulation of gastric ghrelin secretion (3) . Ghrelin has been shown to promote appetite, food intake and a positive energy balance (4, 5) , and might represent a mediator transducing changes in food intake to the regulatory networks in the central nervous system controlling energy homeostasis (6 -8) .
In several recently published studies, insulin reduced circulating ghrelin levels (9 -12) , whereas two studies were unable to reproduce these effects (13, 14) .
While most of these studies were using hyperinsulinemic -euglycemic clamp settings, a decrease in ghrelin levels appears to be caused mainly by a supraphysiological duration of exposure or a plasma concentration of insulin that exceeds levels observed postprandially. In obese humans, food intake (including 60% of carbohydrates) with postprandially increased insulin response fails to suppress ghrelin levels sufficiently (15) , suggesting that ghrelin may be involved in some of the multiple pathophysiological mechanisms leading to obesity and diabetes type 2 (7).
The multiple activities of ghrelin also include stimulatory effects on the corticotropic system, as systemic administration of synthetic ghrelin induces an increase in ACTH and cortisol levels in healthy subjects (16, 17) and shows a remarkable hyper-responsiveness of ACTH and cortisol secretion in patients with active Cushing's syndrome (17) . Elevated glucocorticoid levels occurring in Cushing's disease as well as in therapeutic steroid administration are known to induce weight gain and hyperinsulinemia. However, little is known about the influence of glucocorticoids on endogenous plasma ghrelin levels and the regulation of ghrelin secretion under corticosteroid influences. Interestingly, gonadal steroid hormones seem to suppress circulating ghrelin in humans (18) . The aim of our study was to investigate human plasma ghrelin levels in the presence and absence of endogenous and exogenous glucocorticoids.
Subjects and methods

Patients
The first group included five patients (one male and four females), aged 29-58 years (median 46 years), with chronic hypercortisolism: in three cases due to M. Cushing (ACTH-secreting microadenomas of the pituitary with no clinical signs of hypopituitarism besides cyclic abnormalities during chronic hypercortisolism) and in the two other cases due to cortisol-producing adrenal adenoma. Diagnosis was established by standardized international criteria (elevated 24-h urinary cortisol, lacking cortisol -ACTH suppression after oral dexamethasone, ACTH levels) and was confirmed after successful surgery. In these patients, morning fasting plasma ghrelin levels were measured 1 day to 7 months before surgical therapy of the adenoma. Successful treatment was confirmed by 24-h urinary cortisol. Ghrelin levels were analyzed for a second time 3-24 months after successful surgery.
Controls
The second group consisted of eight healthy male subjects, aged 24 -39 years (median 27.5 years), who took 30 mg prednisolone once a day in the morning for 5 days. Plasma ghrelin levels were measured before and after 5 days of exogenous steroid intake. Based on their clinical history, physical examination and routine laboratory findings, none of the controls enrolled in the study was affected by diabetes or other endocrine diseases, or cardiovascular, renal or liver disorders. During the study period, none of the patients or healthy subjects changed the average amount of their caloric intake, the nutrient composition of their meals or took any additional medication.
All blood samples were drawn in the morning after an overnight fast. The blood samples were immediately chilled, centrifuged, separated and frozen.
The investigation was approved by the Ethics Committee of the Medical Faculty of the Free University of Berlin, and informed written consent was obtained from each subject before entering the study.
Hormone assay
After samples were taken in ETDA tubes, blood was immediately chilled on ice and centrifuged, and aliquots were frozen at 2 20 8C until assayed. Plasma ghrelin was analyzed in all samples from individual subjects in duplicate in the same assay. Immunoreactive total human plasma ghrelin was measured by a commercially available radioimmunoassay (Phoenix Pharmaceuticals, Mountain View, CA, USA) using 125 I-labeled bioactive ghrelin as a tracer and a polyclonal antibody raised in rabbits against the C-terminal end of human ghrelin. This assay recognizes both acylated and de-acylated ghrelin and the antiserum does not crossreact with any relevant peptide according to the information provided by the manufacturer. Intra-and interassay coefficients of variation were 5.3% and 13.6% respectively.
Serum insulin-like growth factor-I (IGF-I) was measured by a commercially available enzyme-labeled chemiluminescent immunometric assay (Diagnostic Products Corporation, Los Angeles, CA, USA).
Statistics
All values are given as median and range. Wilcoxon's test (patients, before and after surgery; controls, before and after prednisolone treatment) was performed for appropriate statistical comparisons. Correlations between parameters were examined using the Spearman rho correlation coefficient. P values of less than 0.05 were regarded as statistically significant.
Results
Patients
Median plasma ghrelin level of patients with chronic hypercortisolism was 363.2 pg/ml (range 161 -525.7 pg/ml) and showed a significant median increase of 26.6% (median) after successful surgery of the adenoma (n ¼ 5, P ¼ 0.04), as shown in Fig. 1A .
The median body mass index (BMI) of patients before surgery was 26.2 kg/m 2 and was significantly lower after successful treatment (24.0 kg/m 2 , P ¼ 0.04). Furthermore, a significant correlation was found between the increase in ghrelin levels and the decrease in BMI (r ¼ 2 0.9, P ¼ 0.04). No significant correlation between plasma ghrelin levels and BMI was found.
Healthy volunteers
The median ghrelin level in healthy subjects before prednisolone therapy was 288.7 pg/ml (range 119.6 -827.8 pg/ml) and was significantly decreased by a median of 18.3% (n ¼ 8, P ¼ 0.04), as shown in Fig. 1B . The median BMI of controls was 22.7 kg/m and showed no correlation with corresponding ghrelin levels.
In healthy subjects, the initial measurement of serum IGF-I levels was 209.5 ng/ml (range 139 -275 ng/ml) and showed a median increase after prednisolone therapy of 34% (n ¼ 8, P ¼ 0.01). In addition, a significant correlation was found between the extent of the decrease in ghrelin levels and the individual increase in IGF-I (r ¼ 2 0.83, P ¼ 0.01). No significant correlation between ghrelin levels and BMI was found.
Discussion
The present work has shown that endogenously as well as exogenously induced hypercortisolism leads to a significant decrease in plasma ghrelin levels in humans, indicating a possible feedback mechanism between gastric ghrelin secretion and the activity levels of the hypothalamo -pituitary -adrenal (HPA) axis. It cannot be definitely ruled out whether there is a difference between ACTH-induced hypercortisolism in patients with M. Cushing and elevated adrenal cortisol production (ACTH not detectable)-induced ghrelin decrease. But our findings (shown in Fig. 1 ) indicate that the decrease in ghrelin seems to be mainly mediated by changes in circulating cortisol levels.
Our findings are in accordance with earlier results on a GH -ghrelin feedback loop between the stomach and the pituitary (3) where we investigated hypophysectomized rats and showed that hypophysectomy increases circulating plasma ghrelin levels in rats 4 weeks after surgical removal compared with plasma ghrelin levels in sham-hypophysectomized or normal rats. In GHdeficient dwarf rats (1, 2) plasma levels of ghrelin were not significantly different from those of normal controls (3) . Therefore, the lack of pituitary hormones, but not GH deficiency alone, leads to a significant increase in circulating ghrelin levels in rodents. Our findings have shown a decrease in human ghrelin during hypercortisolism, indicating a possible feedback mechanism between the pituitary -adrenal axis and ghrelin levels.
Further investigations have also indicated a feedback loop between the pituitary -adrenal axis and ghrelin levels, as ghrelin administration showed an increase in ACTH and cortisol levels in healthy subjects (16, 17, 19) and it induced a remarkable hyper-responsiveness in ACTH and cortisol levels in patients with active Cushing's syndrome (17) . Wren et al. (19) suggested that ghrelin stimulates the HPA axis at the hypothalamic level, at least in part via corticotropin-releasing hormone and vasopressin.
We recently showed that circulating ghrelin levels are decreased in human obesity (20) and weight loss seems to increase circulating levels of ghrelin in human obesity (21) . In contrast, plasma ghrelin concentrations are elevated in patients with anorexia nervosa and return to normal after partial weight gain (22) . Ghrelin signals the central nervous system when an increase in metabolic efficiency is necessary (6). In our study, the decrease in BMI after curative surgery in patients with Cushing's syndrome showed a significantly inverse correlation with plasma ghrelin levels, indicating that plasma ghrelin might be involved in the pathogenesis of the obese phenotype associated with chronic hypercortisolism. BMI and plasma ghrelin levels were analyzed 3-24 months after surgery to make sure that the cortisol-induced fat mass had normalized. Hansen et al. (21) also found a correlation between an increase in ghrelin and a decrease in BMI in obese patients. These findings indicate that ghrelin is downregulated in a state of energy excess in obese subjects (21) or in chronic hypercortisolism. However, Figure 1 Plasma ghrelin levels in (A) five patients with chronic hypercortisolism before and after successful surgery for adenoma and (B) eight healthy volunteers before and after administration of 30 mg prednisolone for 5 days.
whether there are specific direct effects of ghrelin on adipose tissue or effects on the HPA axis is still unclear (23, 24) . The decrease in plasma ghrelin after exogenous cortisol treatment in our study seems to suggest a feedback mechanism which mainly involves the peripheral part of the HPA axis.
Obesity and Cushing's syndrome are two pathophysiological states of hyperleptinemia and relative GH deficiency. Grottoli et al. (25) showed that a fastinginduced reduction in leptin and the GH response to fasting are blunted in both conditions. As recently described, insulin levels after fasting remained higher in patients with obesity and in chronic hypercortisolism, suggesting the possibility that hyperinsulinemia and variations in glucose levels or insulin sensitivity could play a role in the altered response of leptin and GH (25) and might also have an influence on ghrelin release (10) . It remains to be investigated whether lower ghrelin levels in obese patients are -at least in part -responsible for their decreased GH secretion. In our study, we found a significant increase in serum IGF-I levels in healthy subjects following prednisolone administration. These changes showed a significant and strong correlation with the simultaneous decrease in plasma ghrelin levels and was observed after as few as 5 days. In contrast, in obese patients GH hyposecretion with corresponding lower IGF-I levels (25) and low plasma ghrelin concentrations (20) was found, probably due to long-term metabolic changes. Our findings in healthy subjects might reflect an effect of acute changes initiated by hypercortisolism and the resulting hyperinsulinemia. In addition, a negative feedback mechanism of GH/IGF-I on ghrelin secretion, described by Cappiello et al. (26) , might have occurred.
Recently published data showed that steroids, such as sex hormones, modulate circulating plasma ghrelin concentration in humans: testosterone replacement therapy restores normal ghrelin levels in hypogonadal men (27) and obese women with polycystic ovary syndrome have even lower ghrelin levels when compared with obese subjects (28) . In our study, we found an influence of another steroid, cortisol, on ghrelin concentrations in humans. These findings indicate that an interplay between steroid hormones of both the HPA as well as the hypothalamo -pituitary-gonadal axis might play a relevant role in the regulation of metabolism and body composition under conditions of health and disease.
In summary, ghrelin levels are low under the influence of corticosteroids and increase in their absence. Low ghrelin levels in Cushing's syndrome, a disease state presenting with increased fat mass and decreased muscle mass, therefore does not seem to involve ghrelin as part of the molecular pathophysiology behind these changes. In Cushing's syndrome, reduced ghrelin secretion could reflect a compensation mechanism in reaction to the metabolic consequences of chronic hypercortisolism. Apparently, ghrelin secretion also underlies a direct suppressing influence of circulating corticosteroid concentrations as shown by low plasma ghrelin in healthy volunteers following experimental administration of prednisolone.
